in industrial biotechnology. Pichia stipitis, a yeast that naturally ferments xylose, was genetically 15 engineered for L-(+)-lactate production. We constructed a P. stipitis strain that expressed the L-16 lactate dehydrogenase (LDH) from Lactobacillus helveticus under the control of the P. stipitis 17 fermentative ADH1 promoter. Xylose, glucose or a mixture of the two sugars was used as the 18 carbon sources for lactate production. The constructed P. stipitis strain produced a higher level 19 of lactate and a higher yield on xylose than on glucose. Lactate accumulated as the main product 20 in xylose-containing medium, with 58 g/l lactate produced from 100 g/l xylose. Relatively 21 efficient lactate production also occurred on glucose medium with 41 g/l lactate produced from 22 94 g/l glucose. In the presence of both sugars, xylose and glucose were consumed simultaneously 23 and converted predominately to lactate. Lactate was produced at the expense of ethanol, whose 24 production decreased to ~ 15-30% of the wild type levels on xylose-containing medium and to 70-25 80% of wild type levels on glucose-containing medium. Thus, LDH competed efficiently with the 26 ethanol pathway for pyruvate, even though the pathway from pyruvate to ethanol was intact. 27
. For example, Saccharomyces cerevisiae is an organism that can be 48 grown in inexpensive growth media and that is relatively tolerant to low pH and organic acids. The 49 ability of yeast to ferment under acidic conditions also is attractive, and could reduce or eliminate the 50 need for a neutralizing agent in the low pH fermentation process. Lactic acid production by S. 51 cerevisiae, which is highly efficient in fermenting hexose sugars, expressing lactate dehydrogenases 52 (LDH) of bacterial (7, 10, 17, 30, 44) , bovine (1, 17) and fungal origin (41) has been described. Lactic 53 acid also has been produced by Kluyveromyces lactis expressing the bovine LDH (4, 29) . 54 Uracil prototrophic transformant colonies were initially tested for lactic acid production in test 142 tube cultures incubated overnight in 5 ml YP + 40 g/l glucose liquid medium at 250 rpm at 30ºC. 143
A C C E P T E D
Lactate production media contained approximately 50 or 100 g/l (1.7 or 3.3 C-mol/l) xylose or glucose. 144
The maximum theoretical yields of ethanol and lactate are 0.51 and 1.0 g/g, respectively, on both 145 glucose and xylose, thus equal amounts of the two sugars (in grams or moles of carbon) were added in 146 the media. In shake flask cultures, the yeast extract -peptone medium was supplemented with 55 ± 2 147 g/l glucose (YPD-55) or 53 g/l xylose . One stage cultures were inoculated to an optical 148 (MES). After overnight growth at 30ºC and 250 rpm, cells were harvested and transferred to YNB 155 medium supplemented with 54 ± 4 (YNBD-54) or 94 g/l (YNBD-94) glucose, or 51 ± 2 (YNBX-51) or 156 101 g/l (YNBX-101) xylose, or a mixture of 47 ± 1 g/l glucose and 50 g/l xylose (YNBDX-97). Cell 157 density was adjusted to OD 600 = 13 (~ 3.5 g/l cell dry weight), and 30 g/l of calcium carbonate was 158 added for pH control. YNB media supplemented with 47 g/l glucose YNBD-47 or 49 g/l xylose 159 YNBX-49 media were prepared without CaCO 3 . The cultures were incubated at 30ºC at 100 rpm in 250 160 ml Erlenmeyer flasks containing 50 ml medium. Two experiments with all four ldhL transformants 161 (single flasks) were carried out in YNBX-51, and YNBD-54 and with two transformants (in duplicate) 162 in YNBDX-97. One experiment each with two transformants, VTT-C-04590 and -05789, in duplicate 163 were conducted in Analytical methods. The culture supernatants were analyzed for lactic acid, xylose, glucose, 165 xylitol, pyruvic acid, acetic acid, glycerol and ethanol by high performance liquid chromatography 166 (HPLC) using a Waters 2690 Separation Module and Waters System Interphase Module liquid 167 chromatography coupled with a Waters 2414 differential refractometer and a Waters 2487 dual λ 168 absorbance detector (Waters, Milford, MA.) . The Fast Juice column (50 × 7.8 mm, Phenomenex, 169
Torrance, CA) and the Fast Acid Analysis column (100 × 7.8 mm, Bio-Rad, Hercules, CA) were 170 equilibrated with 2.5 mM H 2 SO 4 at 60°C and samples eluted with 2.5 mM H 2 SO 4 at 0.5 ml/min flow 171
on June 26, 2017 by guest http://aem.asm.org/ Downloaded from were calculated as the amount of accumulated product per the amount of consumed sugar. Yields are 174 reported at the sample time when sugar concentration was first recorded as < 1.5 g/l, unless otherwise 175 stated. 176
RESULTS

178
Lactate production on xylose and glucose under non-buffered conditions. Lactate was the 179 main product by the P. stipitis ldhL transformants in the xylose cultivation. Its concentration reached a 180 maximum of 15 g/l after ~ 88 h cultivation, with 20 g/l xylose remaining (Fig. 2) . Maximum ethanol 181 concentrations with the ldhL transformants varied from 3 to 7 g/l, while the control strains CBS6054 182 and FPL UC7 produced 25 g/l ethanol (Table 1) . Both the ldhL transformants (1.5 g/l) and the control 183 strains (1 g/l) produced some xylitol. The rate of biomass accumulation and xylose consumption (per 184 volume) were reduced in lactic acid producing strains relative to control strains (Fig. 2B , Table 1, and  185 data not shown). Lactic acid production also resulted in more acidic conditions in the medium: at 41 h 186 the pH was 5.3 for the controls but 3.7 for the lactic acid producing strains. Although the ldhL 187 transformants continued to consume xylose between 88 and 161 h, lactate and ethanol concentrations 188 did not continue to increase (Fig. 2A) . The yields of lactate and ethanol on xylose consumed decreased 189 throughout the cultivation from 0.42 and 0.11 g/g xylose at 88 h to 0.30 and 0.06 g/g xylose at 161 h, 190 for lactate and ethanol, respectively. When the cultivation was terminated (161 h), ~ 4 g/l residual 191 xylose remained in the medium. 192
The ldhL strains produced 8 g/l lactate at 0.14 g/g final yield on glucose ( Fig. 2A, Table 1 ). 193
The maximum ethanol concentration (18 g/l) was reduced to 80% of the wild type level (22 g/l, Table  194 1). The control strains utilized all of the glucose within 24 h and produced approximately 20% more 195 glucose was provided (data not shown), as when 55 g/l ( Fig. 2A) was provided, but 46 g/l ethanol was 199 produced in the medium containing the higher initial glucose concentration, compared to 18 g/l in the 200 medium containing 55 g/l glucose. 201
A C C E P T E D
The control strains produced similar final ethanol concentrations and yields on glucose and 202 xylose under the non-buffered conditions (Table 1) . However, the volumetric rate of xylose 203
consumption was approximately two-fold lower than the glucose consumption rate, since only 27 g/l 204
xylose was consumed within 24 h whereas 55 g/l glucose was consumed. The difference between 205 volumetric xylose and glucose utilization rates for the ldhL strains was greater than the corresponding 206 difference for the control strain, with the xylose utilization rate decreasing more rapidly than the 207 glucose utilization rate (Fig. 2B , Table 1 ). Low sugar utilization rates correlated with lower biomass. 208
Both the sugar utilization rate and biomass (OD 600 ) of the ldhL strains were approximately two-fold 209 lower with xylose than with glucose during the first 24 h (Fig. 2B) . 210
Lactate production in minimal medium with xylose or glucose and buffered with CaCO 3 . 211
More lactate was produced on xylose in CaCO 3 -buffered YNBX-51 (31 g/l lactate at 0.60 g/g yield on 212 xylose) than in non-buffered YNBX-49 (9 g/l lactate at 0.29 g/g yield on xylose, data not shown) or in 213 the non-buffered YPX-53 (15 g/l lactate at 0.30 g/g yield on xylose) cultivation (Figs. 3A and 3B, 214 Table 2 ). The final pH in the culture was 6.4. Up to 6 g/l ethanol was measured but ethanol levels 215 decreased before all of the xylose was consumed and the final concentrations were ≤ 3 g/l. In 216 comparison, control strains CBS6054 and VTT-C-05788 produced 14 g/l ethanol when grown in 217 buffered YNBX-51 (Table 2) . 218
on June 26, 2017 by guest http://aem.asm.org/ Downloaded from were grown in the presence of a higher xylose concentration (101 g/l). The final lactate concentration 220 was 58 g/l lactate and the yield 0.58 g/g xylose (Figs. 3C and 3D, Table 2 ). The final pH in the culture 221 was 4.3. Xylose was converted to lactate at ~ 0.6 g/l/h until the xylose concentration was ~ 10 g/l, after 222 which both the xylose utilization and lactate production rates were reduced (Figs. 3C and 3D) . Ethanol 223 accumulation ceased early in the incubation (24 h Table 2 ) 229 produced considerably more lactate, 18 g/l, than under the non-buffered conditions (YNBD-47; 10 g/l 230 at 0.24 g/g yield on glucose, data not shown) (YPD; 8 g/l; Fig. 2A ). The ldhL strains produced ~ 75% 231 of the ethanol produced by the control strains (Table 2) . When the glucose concentration was increased 232 to 94 g/l, lactate and ethanol concentrations increased proportionately to 41 g/l lactate and 21 g/l 233 ethanol (Fig. 3C, Table 2 ). Lactate was produced at the same production rate, 0.9 g/l/h, at both glucose 234 concentrations. In non-buffered YNBD-47 the rate was less than 0.1 g/l/h (data not shown). 235
Both the ldhL transformants and the control strains consumed xylose at a lower rate than 236 glucose, as in the non-buffered cultivations (cf. Figs. 2, and 3 for ldhL strains, control strains not 237 shown). 238
Lactate production in minimal medium containing a mixture of xylose and glucose and 239 buffered with CaCO 3 . The ldhL transformants consumed xylose and glucose simultaneously in a 240 medium containing a mixture of glucose and xylose (YNBDX-97), even though glucose was consumed 241
on June 26, 2017 by guest http://aem.asm.org/ Downloaded from more rapidly than xylose ( Figure 4A ). The rate of xylose consumption decreased in the presence of 242 glucose relative to the cultures containing only xylose. Similarly, the rate of glucose consumption 243 decreased in the presence of xylose. The inocula for the cultures in YNBDX-97 were generated in two 244 different ways, one was grown in glucose and the other in xylose containing medium. However, the 245 carbon source on which the inoculum had been growing did not affect lactate production, which was 246 similar to that observed in medium containing only xylose ( Figure 4B, to produce lactic acid, growth (10) and ethanol production (7, 17, 41) are reduced. Similar reductions 253 in growth and ethanol production also occur in P. stipitis, in cultures growing on media containing 254 either glucose or xylose. ldhL expression also decreased the volumetric sugar consumption rates. The 255 effect of lactic acid production was more pronounced in media containing xylose than in media 256 containing glucose. 257 P. stipitis ldhL strains produced relatively high concentrations of ethanol in non-buffered 258 cultures on glucose. Ethanol production was relatively inefficient in non-buffered xylose medium and 259 the lactate concentration did not increase above 15 g/l, even though only a portion of the xylose was 260 consumed. The pH decreased as the lactic acid concentration increased. We think that the low pH 261 and/or the accompanying intracellular acidification have multiple negative effects on cellular 262 metabolism and that one of these effects is the inefficient conversion of xylose to lactic acid. Export of 263 lactate also is expected to be more energy demanding at low pH (44) The lactate concentration and yield from 54 g/l glucose obtained with the ldhL expressing P. 281 stipitis, 18 g/l and 0.33 g/g, respectively, are comparable to what has been reported for S. cerevisiae 282 LDH strains with an intact ethanol pathway (7, 10, 30) . Furthermore, on 101 g/l glucose P. stipitis 283 produced 41 g/l lactate at 0.44 g/g yield on glucose, which is comparable to the 38 g/l at 0.45 g/g yield 284 produced by a diploid S. cerevisiae expressing the LDHA of R. oryzae (41). The amounts of ethanol 285 produced by P. stipitis and diploid S. cerevisiae strains also were similar. High lactate concentrations 286 but with only moderate yields, 40-50 g/l and 0.25 g/g glucose, also have been obtained from S. 287 cerevisiae expressing the LDH of Lactobacillus plantarum, when these transformants are grown on 288 media containing high levels (200 g/l) of glucose (7). Higher lactate concentrations also may be 289 (4, 29) . Further metabolic engineering of the P. stipitis ldhL strains, e.g. the deletion 291 of one or both PDC genes, and/or optimization of the culture conditions could further increase lactate 292 production and reduce by-product formation. 293
The strains we constructed produced up to 58 g/l lactate acid with a yield up to 0.60 g/g xylose. 294
These yields are higher than the corresponding values on glucose. Thus on xylose, the P. stipitis ldhL 295 strains were as good or better at producing lactate as were the best reported S. cerevisiae strains 296
[glucose to lactate: 38 g/l, 0.45g/g (41); 50 g/l, 0.62 g/g (17); and 58 g/l, 0.30 g/g (7)]. 297 P. stipitis has the advantage of being able to convert both hexose and pentose sugars into useful 298 metabolites such as lactic acid or ethanol, in contrast to currently available S. cerevisiae strains, which 299 are very efficient in glucose fermentation but can not utilize pentose sugars unless metabolically 300 engineered. S. cerevisiae can be engineered to ferment xylose (20, 45), but the production of lactate 301 from xylose has not been reported previously. To exploit the lignocellulose-derived polymeric 302 carbohydrates cellulose and xylan, whose main constituents are glucose and xylose, the fermenting 303 organisms must be able to consume both sugars and to thus use a larger fraction of the raw material, 304 with correspondingly better yields, than is possible if only glucose is consumed. Our results in this 305 present study show that production of lactate from xylose by yeast is feasible and relatively efficient, 306
and that both sugars are simultaneously consumed from a mixture of glucose and xylose, albeit glucose 307 is exhausted earlier. These strains provide a new benchmark against which other strains can now be 308 Lactate (g/l) 31 ± 0.6 58 ± 0.6 0 18 ± 0.6 41 ± 1.9 0 58 ± 0.6 58 ± 0. 
